ander temperature sections suggest that the recent acceleration in warming on the shelf is not confined to the surface, but occurs throughout the water column with some contribution from interactions between the shelf and the adjacent Slope Sea reflected in cross-shelf motions of the shelfbreak front. The local warming on the shelf cannot explain the region's amplified rate of sea level rise relative to the global mean. Additionally, T s exhibits significant interannual variability with the warmest anomalies increasing in intensity over the 37 year record even as the cold anomalies remain relatively uniform throughout the record. T s anomalies are not correlated with annually averaged coastal sea level anomalies at zero lag. However, positive correlation is found between 2 year lagged T s anomalies and coastal sea level anomalies, suggesting that the region's sea level anomalies may serve as a predictor of shelf temperature.
Introduction
Despite the observational evidence that ocean heat content (OHC) is increasing in the open ocean [Abraham et al., 2013] , changes over the continental shelves are difficult to quantify as many long-term ocean temperature records lack the horizontal, vertical, and temporal scales required to adequately resolve shelf variability. Though the global Argo program has greatly improved our ability to measure the temperature profiles in the open ocean and to monitor changes in OHC over the most recent decade [Abraham et al., 2013] , these floats, whose parking depth is 1000 m, cannot sample the shelves which are typically less than 100 m deep.
Here we present results from a remarkable data set of expendable bathymograph (XBT) temperature profiles, collected over 37 years from the CMV Oleander along a repeat transect crossing the Middle Atlantic Bight (MAB) shelf. These data provide a means to examine the region's changing environment and the links between the sea level, the shelf temperature structure, and the shelf circulation. This data set is of regional interest both because of the northwestern North Atlantic's accelerated rate of sea level rise relative to the global mean [Sallenger et al., 2012] and the area's collapsing fisheries [Frank et al., 2005] . In addition, this long time series of temperature structure on the MAB shelf can provide insight into more general questions concerning the causes and consequences of open-ocean/shelf interactions in a region near the two major limbs of the Atlantic meridional overturning circulation (AMOC): the Gulf Stream and deep western boundary current (DWBC).
Increases in OHC lead to a rising mean sea level associated with the thermal expansion of seawater. Over the satellite altimetry period (i.e., 1993-2010) , the observed global mean rate of sea level rise is 3.2 6 0.4 mm yr 21 [Church and White, 2011] and the steric rise due to thermal expansion is estimated as have only a small influence on the global ocean heat budget. Also, any local changes in the steric sea level DSSH st due to local temperature changes on the shelves must be modest:
in which D is the water depth, a is the thermal expansion coefficient, T(z) is the temperature profile and T ref is a reference temperature profile. On the shelves, particularly near the coasts where the steric effect approaches zero as D decreases, differences between the regional sea level rise and the global mean rise may be associated with changes in the dynamic sea level that arise from changes in the circulation.
In the following, section 2 provides an overview of the mean circulation in the northwestern North Atlantic and discusses the temperature and sea level changes in the region comprising the MAB, Gulf of Maine, and Scotian Shelf. The data sets and the methodology used to generate monthly, seasonally, and annually averaged MAB shelf temperature cross sections from individual Oleander XBT transects are described in section 3. In section 4, the climatology generated from the Oleander data is compared with previous studies of the MAB shelf to demonstrate the quality of the XBT data set and to describe some of the salient features of MAB shelf processes. In addition, section 4 discusses the time series of the Oleander XBT-derived area-averaged shelf temperature (proportional to the shelf heat content). Section 5 discusses the shelf's interannual temperature variability and long-term trends, and compares these with other records in the region. Results are summarized in section 6 and implications for predictability on the MAB shelf are discussed.
The Northwestern North Atlantic
The dominant feature of the surface circulation in the western North Atlantic (Figure 1 ) is the Gulf Stream, which carries warm waters poleward in the warm upper limb of the AMOC. Between Florida Straits and Cape Hatteras, North Carolina, the current is a true western boundary current tightly constrained by the steep topography of the continental slope to flow near the shelfbreak. Flow over the South Atlantic Bight shelf (between Florida and Cape Hatteras) is generally in the same direction as that in the Gulf Stream, though with significantly weaker currents [Savidge and Bane, 2001] . Near Cape Hatteras, the Gulf Stream leaves the shelfbreak and transitions from a western boundary current to a vigorously meandering free jet after crossing over the DWBC, which carries cold, fresh waters equatorward in the AMOC's cold deeper limb [Toole et al., 2011; Peña-Molino and Joyce, 2008] . Although the mean Gulf Stream path downstream of Cape Hatteras is separated from the MAB and Gulf of Maine shelves by the Slope Sea, pinched-off anticyclonic Gulf Stream rings [Ramp et al., 1983; Joyce et al., 1992; Gawarkiewicz et al., 2001] and (very occasionally) large Gulf Stream path diversions do sometimes deliver the warm, subtropical Gulf Stream waters to the edge of the continental shelf.
On its approach toward Cape Hatteras and the Gulf Stream separation point, the southwestward-flowing DWBC follows the continental slope flowing between 2000 m and 4000 m isobaths onshore of the meandering Gulf Stream [Joyce et al., 2005] . The DWBC here is relatively barotropic and exists as a weak surface- to-bottom current (e.g., see 4 year Eulerian mean in Toole et al. [2011, Figure 3] ) before passing under the Gulf Stream near Cape Hatteras [Pickart and Watts, 1990] . Further onshore, along the MAB and Gulf of Maine shelfbreak, a density front between the cooler, fresher shelf waters and the warmer, saltier Slope Sea waters supports the equatorward-flowing Shelfbreak jet [Flagg et al., 2006; Gawarkiewicz et al., 2008] . This is part of the larger shelfbreak current system of coastal circulations between Greenland and the southern MAB [Fratantoni and Pickart, 2007] . Mean along-shelf flows over the Gulf of Maine and MAB shelf are also equatorward -notably against the mean wind stress, suggesting a mean along-shelf pressure gradient force [Lentz, 2008] . Cold, fresh waters from the equatorward-flowing MAB shelf and slope currents are entrained into the cyclonic side of the Gulf Stream as ' 'Ford'' waters [Churchill and Gawarkiewicz, 2012; Gawarkiewicz et al., 2008; Csanady and Hamilton, 1988; Gawarkiewicz and Linder, 2006; Ford et al., 1952] . [Mills et al., 2013] .
Sea level is also rising along the coast from Cape Hatteras to Nova Scotia and the rate is higher than the global mean rate of sea level rise. Furthermore, as noted above for the region's surface temperature trends, the rate of sea level rise here is apparently increasing [Sallenger et al., 2012] . Mechanisms underlying the amplified rate of sea level rise observed along the coast and over the shelves here are currently under debate. Initial studies attributed the accelerated rise to a slowing Gulf Stream and changes in the North Atlantic Oscillation (NAO) [Ezer et al., 2013] . However, observational evidence from Oleander ADCP measurements indicates the Gulf Stream transport is not significantly changing and therefore is not significantly contributing to the increase in sea level rise.
In addition to these long-term surface temperature and sea level trends in the coastal ocean off the northeastern United States and Canada, the shelves between Cape Hatteras and Nova Scotia exhibit strong interannual variability. In 2012, for example, the shelf's winter and spring water temperatures were among the warmest on record [Mills et al., 2013] . This has been attributed to anomalously low fall (2011) and wintertime (2012) heat exchange between the ocean and overlying atmosphere related to a northward shifted jet stream and greatly reduced heat loss from the ocean to the atmosphere during the winter . While the region's 1970-2012 sea level trend is associated with a 160 mm net increase in coastal sea level, year-to-year changes in annually averaged coastal sea level (650 mm) represent a significant fraction (about 2/3) of this total rise [Andres et al., 2013] . A proposed driver of interannual variations in sea level along the coast and over the shelves between Cape Hatteras and Nova Scotia is the region's along-shelf wind stress, which is highly correlated with interannual variability in sea level [Andres et al., 2013; Li et al., 2014] . [Flagg et al., 1998; Rossby et al., 2010; Worst et al., 2014] . XBT (and ADCP) 
Data sets and Methodology

Sea Level
A time series of the composite coastal sea level since 1970 in the MAB, Gulf of Maine, and Scotian Shelf is generated with data from 12 tide gauge stations between Duck Harbor, North Carolina and North Sydney, Nova Scotia (available from the Permanent Service for Mean Sea Level [Woodworth and Player, 2003] ) based on the method described in Andres et al. [2013] . Briefly, the region's ''composite coastal sea level anomaly'' is calculated by detrending the annually averaged sea levels from the 12 stations and calculating the means of the residual sea level anomalies across the 12 stations. The ''composite trend'' is the mean of the 12 stations' trends. The time series of the composite coastal sea level anomaly is well correlated with the anomalies at the individual stations and is an index of the regional-scale interannual coastal sea level variability. A subset of these 12 tide stations were used in the analysis of Li et al. [2014] , who found that sea level slopes across the Scotian Shelf and Gulf of Maine are correlated with the along-shelf wind stress at interannual scales, consistent with the correlation between coastal sea level and wind stress for the entire 12-station region from North Carolina to Nova Scotia [Andres et al., 2013] . 
Generating Average Temperature Sections From Individual XBT Transects
XBT data are downloaded from http://po.msrc.sunysb.edu/Oleander/XBT/NOAA_XBT.html and compiled into a standard format from the two varied formats, which changed in 2008. Once compiled, the temperature data are quality controlled by binning all data (from all months) in 5 m depth bins and eliminating measurements over three standard deviations from each bin's overall mean. Individual casts are then hand analyzed for any patterns in the deeper ocean (defined as below 100 m depth) that could be because of poor data quality. Shallow temperatures are not further corrected as the high variability in the upper water column makes identifying anomalies in the data very difficult. Below this surface layer, XBT-measured temperature generally is found to decrease with increasing depth, as expected. The year 2008 is the only year found to have XBT casts with obvious errors in the subsurface measurements in which anomalous measurements, defined as temperature differences of over 0.5 C between neighboring vertical bins (with bins at a 2 m depth interval), are eliminated and replaced by values interpolated between good points along the temperature profile.
After quality control, temperature data from individual casts are used to generate temperature sections across the MAB shelf and upper slope. Individual CMV Oleander tracks vary somewhat between the crossings and the software developed by Chris Linder and available for download at http:// www.whoi.edu/science/po/people/clinder/software_climo _xshelf.html] is adopted to bin the qualitycontrolled temperature measurements within a user-defined area (red box in Figure 2 ) onto a common cross-shelf grid with 10 km horizontal and 5 m vertical resolution. The cross-shelf position of each cast, x, is defined by the shortest distance between the cast and the 80 m isobath and x increases toward Bermuda. The 80 m isobath is the mean position of the foot of the shelfbreak front off New Jersey [Linder and Gawarkiewicz, 1998 ]. Along the mean path of the CMV Oleander, x 5 0 km falls near 39.39 N, 72.76 W. The area within which XBT casts are gridded extends from x 5 270 km (onshore of the 80 m isobath, nominally at the 40 m isobath) to x 5 60 km (over the upper slope). Though XBT measurements are also available on the inner shelf (onshore of the 40 m isobath), these data are not included in the analysis here since the contorted topography in these shallow waters leads to ambiguity in mapping the individual transects onto a common cross-shelf grid and because this study is focused on processes occurring on the outer shelf and upper slope. In addition, temperature changes in waters shallower than 40 m would likely be strongly affected by the frequency of coastal upwelling, which complicates the analysis as we are primarily focused on the temporal and spatial warming of the Cold Pool water mass.
After binning the data into the cross-shelf grid, monthly averaged temperature cross sections for the shelf and upper slope are produced from the quality-controlled XBT data for each month from 1977 through 2013 for 260 km x 70 km (444 total months). Temperature data for those months without sufficient Aug.
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−50 0 60 Figure 4 . Monthly climatology of cross-shelf MAB temperature sections produced from the Oleander XBTs. Temperature scale as in Figure  3 with the 10 C isotherm contoured (black). 
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MAB Climatology and Shelf Heat Content 4.1. Climatology
The 1977-2013 Oleander XBT climatology is produced from the monthly averaged temperature cross-sections that are further averaged by season ( Figure 3 ). This seasonal climatology is consistent with the key seasonal temperature features found in the previous studies of the MAB [e.g., Linder and Gawarkiewicz, 1998; Linder et al., 2006] . In winter, shelf temperatures are nearly uniform in the vertical due to both convection and increased vertical mixing from stronger winds [Zhang et al., 2011] . Temperature shoreward of the shelfbreak (x < 0 km) is generally lower than 10 C. The upper slope is somewhat warmer and the subsurface (z > 60 m depth) temperature over the upper slope (x 50 km) highlights the presence of the Upper Slope Thermostad (12-14 C) just offshore of the shelf [Wright and Parker, 1976] . In spring, surface heating begins to stratify the water column over the shelf and an isolated pool of subsurface waters colder than 10 C begins to form the ''cold pool'' [Houghton et al., 1982] . This feature persists through the summer season as the cold pool is preserved because of the weak vertical mixing [Wallace, 1994] and enhanced stratification because of heat input through solar insolation. In the summer climatology, the surface waters are 16 C greater than the cold pool temperatures. During fall, frequent storms erase the stratification and mix the deep cold pool waters with the warmer surface layer [Rasmussen et al., 2004] . This vertical mixing in fall destroys the seasonal thermocline and leads to vertically uniform temperatures on the shelf, as in winter [Lentz et al., 2003] . Interestingly, this fall mixing leads to a summer-to-fall increase in near-bottom temperatures on the shelf. In fall, there is also a relatively strong horizontal temperature gradient with cooler waters onshore and warmer waters over the upper slope.
Although the features captured in the Oleander XBT seasonal climatology are not surprising or new, they do provide evidence that the CMV Oleander samples at sufficiently fine temporal and spatial scales to resolve the Table 1 ). The three most anomalous warm years (red diamonds) and the four most anomalous cold years (blue diamonds), relative to the 37 year trend, are highlighted. seasonal evolution of the vertical and cross-shelf thermal structure. Furthermore, with strong monthly representation throughout the 37 year period spanned by the measurements, even the monthly climatology (Figure 4 ) represents these known shelf thermal features with fidelity. In the monthly climatology, the cold pool is seen to persist from May through August, with remnants of the cool pool in September and October.
In the following, the time series of monthly averaged sections are first annually averaged. These annually averaged sections are then used to examine the interannual and low-frequency (trends and decadal-scale) variability on the MAB shelf over the 37 year period from 1977 to 2013.
The Shelf's Time-Varying Heat Content
Since surface temperature variations may be decoupled from subsurface processes, the Oleander temperature sections provide a useful complement to the region's satellite SST record. The Oleander temperature sections are used here to estimate changes in MAB shelf heat content at interannual and longer timescales. Each annually averaged temperature section is spatially averaged over 260 km x 0 km (i.e., shoreward of the 80 m isobath) to generate an annual average shelf temperature, T s , for each year from 1970 to 2013 ( Figure 5 ). This area purposely excludes the upper slope, where the salient dynamics are likely somewhat independent of those on the shelf (as corroborated by the differences in stratification on the shelf and upper slope in the seasonal and monthly climatologies in Figures 3 and 4) . The mean T s is 10.9 C and the range over the 37 year record is 3 C (Figure 6 ). The shelf's largest average temperature (T s 5 12.8 C) occurs in 2012 (Figure 7 , top), consistent with the previous reports that 2012 stands out as an anomalously warm year from the Gulf of Maine to Cape Hatteras [Mills et al., 2013; Chen et al., 2014] . The shelf's ocean heat content during this warm year, relative to the mean heat content (i.e., with T 5 10.9 C), can be estimated:
Here DOHC is the shelf's heat content change per unit length in the along-shelf direction, q o is water density on the shelf (1025 kg m 23 ), A is the cross-shelf area at the Oleander line (3.6 3 10 6 m 2 ), and C p is the specific heat of seawater (3850 J kg 21 C 21 ). For T s 5 12.8 C, DOHC is 2.7 3 10 10 kJ m 21 (i.e., 17% increase in heat content relative to the mean). The year with the coldest average temperature (T s 5 9.7 C) is 1988 (Figure 7 , bottom) and during this year DOHC is 21.7 3 10 10 kJ m 21 (11% decrease in heat content relative to the mean).
MAB Temperature Variability
Although shelf heat content (which is proportional to T s ) exhibits both interannual variability and long-term trend (each discussed further below), it is noteworthy that the years with lowest heat content (blue diamonds in Figure 5 ) have relatively uniform T s over the Color bar is as in Figure 3 with contours at 1 C interval and the 10 C isotherm is highlighted (black). 37 year record with T s that is consistently 1.1-1.2 C below the mean during the four coldest years (1999, 1992, 1996, and 2004) . In contrast, the years with highest heat content (red diamonds in Figure 5 ) exhibit progressively increasing T s (0.8, 1.3, and 1.9 C above the mean in 1986, 1999, and 2012, respectively).
Temperature Trend
As noted above, T s (calculated from the annually averaged temperature sections, spatially averaged over the shelf shoreward of the 80 m isobath at x 5 0 km) has been trending upward since 1977 (Figure 5a , black line). The rate of increase over 37 years is 0.026 C yr 21 6 0.001 (Table 1) The 37 year warming trend on the shelf identified with the XBT data is not confined to a single season (Figure 5b) . Concurrently with the increasing T s (which represents the annual averages), the shelf temperatures averaged within each season are also increasing. The 37 year trends are more pronounced in fall/winter than in spring/summer (Table 1) . In contrast to these 37 year seasonal trends, the recent (2002-2013) amplified T s trend is accompanied by shelf temperature increases that are most pronounced during summer. This suggestion of the recent amplification of the T s trend driven by warming of MAB summers is consistent with the results -based on the sea surface temperatures from the International Comprehensive Ocean Atmosphere Data Set (ICODS) -that the annual range of SSTs experienced on the shelf has been increasing with winter SSTs which remain fairly steady as summer SSTs increase [Friedland and Hare, 2007] .
Both the long-term (37 years) T s trend at the Oleander line and the recent acceleration in warming there are consistent with a previous study based on SSTs (produced by the Group for High-Resolution Sea Surface Temperature, GHRSST) in the Gulf of Maine, which finds an accelerated rate of temperature increase there since 2004 [Mills et al., 2013] . This suggests that the processes associated with the accelerated warming are not isolated, but are widespread over the shelves of the northwestern North Atlantic. It is important to note, however, that 2004 and 2012 were extreme cold and warm years, respectively (see Figure 5c and section 5.2). The 2004-2012 trend reported for the Gulf of Maine GHRSST data is similar to the trend found in the MAB based on the Oleander XBT records for the identical time period (0.24 C yr
21
). However, shifting the endpoints of the MAB trend calculation to less extreme years (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) ) reduces the T s trend by a factor of two (Table 1) .
Despite this ambiguity in quantifying the trends in short time series that have strong interannual variability, the Oleander XBT data do clearly show that shelf warming is not confined to a thin SST boundary near the surface (observed with satellites), but occurs throughout the water column (observed with the XBTs). This warming at depth is demonstrated by a cross-shelf section showing the temperature trends within each bin of the annually averaged mapped temperatures (Figure 8, top) . There is a positive trend in each bin on the shelf and the warming trends are strongest at the surface and near the bottom, with a minimum midwater column. Also, over the 37 year record there is weak warming over the upper slope (note that the temperatures offshore of the 80-m isobath, although indicated in the plots, do not contribute to the T s calculations). [Linder and Gawarkiewicz, 1998 ] and suggests that processes associated with cross-shelf translation of the shelfbreak front may play a role in the long-term heating on the shelf.
The trends that contribute to the recent accelerated warming exhibit a very different pattern (Figure 8, bottom) . (Note that the scale here is five times as large as that in the top and middle plots.) Over 2002-2013, there is strong warming on the offshore edge of the shelf from the surface to the bottom. There is also accelerated warming on the upper slope. Though the upper slope does not contribute directly to the calculated T s trend (which is area averaged over only the shelf), the pattern does indicate that the shelf warming may be driven by shelf/slope interactions. It is possible that 2002-2013 experienced the arrival of more subtropical waters to the Slope Sea via more frequent or more intense warm core rings [Ramp et al., 1983; Joyce et al., 1992; Gawarkiewicz et al., 2001] or diverted Gulf Stream paths . Alternatively, the warming trend in the Slope Sea near the Oleander line could be related to the waters advected from the north [Peña-Molino and Joyce, 2008].
Interannual Temperature Variability at the Oleander Line
In addition to the trends discussed above, T s exhibits significant year-to-year variability throughout the 37 year record. To examine the interannual changes in the temperature structure along the Oleander line, T s is first detrended (removing the entire 37 year trend) to produce a time series of interannual shelf temperature anomalies, T s 0 ( Figure 5c ).
Years with |T s 0 | >1 C are identified as the most anomalous years. The annually averaged temperature sections for the 3 years with maximum T s 0 (1986, 1999, and 2012 , red diamonds in Figure 5 ) are averaged together. From this warm average, the 37 year mean temperature section is subtracted to give a composite section of warm-year temperature anomalies (Figure 9, top) . Likewise, the annually averaged temperature sections for the 4 years with minimum T s 0 (1988, 1992, 1996, and 2004 , blue diamonds in Figure 5 ) are averaged together and the 37 year mean temperature section is subtracted to build a composite section of cold-year anomalies (Figure 9 , bottom). The warm-year and cold-year anomaly sections each have the strongest magnitude temperature anomalies near the shelfbreak. The warm-year composite's peak anomaly is found between 0 and 15 km offshore of the 80 m isobath while the cold year composite's peak anomaly is directly over the 80 m isobath. This indicates that -as with the low-frequency variations associated with the long-term trends-the interannual variations in T s on the shelf are most sensitive to processes occurring near the shelfbreak. Interestingly, the anomalies in the warm composite and the cold composite sections are not strongest near the surface, suggesting that interannual changes in the local atmospheric heat flux are not the dominant process affecting interannual temperature variability on the shelf (T s 0 ). However, a careful analysis of the 2012 warm anomaly has indicated that the MAB SSTs (as well as the subsurface shelf temperatures) in 2012 were controlled by anomalous atmospheric heat flux . These conflicting results suggest that multiple processes strongly influence shelf temperatures with local heat flux [e.g., Chen et al., 2014] , cross-shelf exchange between the shelf and Slope Sea (this work), and along-shelf advection [e.g., Shearman and Lentz, 2010] , each playing a significant role in setting the shelf's heat budget.
Temperature and Sea Level
As the global ocean warms [Abraham et al., 2013] , thermal expansion leads to an increase in the global mean sea level [Stammer et al., 2013] and mean sea level on the shelves rises simply because the rest of the ocean is expanding (the thermal expansion on the shelves leads to a negligible contribution to the ocean's overall volume increase). However, since coastal sea level between Cape Hatteras and Nova Scotia is increasing at a rate higher than the global mean rate [e.g., Sallenger et al., 2012] and since both T s and sea level records exhibit recently accelerated rates of increase here, it is tempting to assume that the trends in T s ( Figure 5 ) and in the composite coastal sea level (Figure 10 ) are linked by a local (shelf) thermosteric effect, however this is not the case. Using (equation (1)), the rates of warming observed with the Oleander XBTs for various time periods (i.e., the T s trends) can be used to estimate the portion of sea level rise caused by local warming (Table 2 ). This comparison shows that the sea level increases that can be accounted for by the T s trends are an order of magnitude too small to account for the observed rate of sea level rise between Cape Hatteras and Nova Scotia that is in excess of the global mean rate (compare 4th and 6th columns Table 2 ). Hence, to first order, the increased sea levels here cannot be explained by the thermal expansion associated with the warming shelf and the ''hotspot of sea level rise'' identified by Sallenger et al. [2012] is not a local (shelf) thermosteric effect. However, in this region, salinity variations are a critical factor in setting the density variations observed on the shelf [e.g., Mountain 2003 and references therein]; the Oleander XBT data cannot address whether the accelerated increase in sea level along the coast is a local halosteric effect. Finally, there is evidence that in some locations regional (i.e., in the nearby open ocean) steric sea level changes are communicated across a sloping bottom to the shelf and coast [Bingham and Hughes, 2012] , though it is not yet clear whether this could be the case for the Slope Sea and the neighboring MAB shelf (since there is an intervening current, the Shelfbreak jet).
Examination of the interannual variability shows, as with the trends discussed above, the interannual variability in coastal sea level is not a thermosteric effect. If it were, shelf This significant correlation suggests that when coastal sea level peaks, shelf waters experience an anomalous warming 2 years later. The mechanism underlying this correlation is being explored elsewhere and may be related to changes in along-shelf advection associated with interannual variability in the regional wind stress. The interannual changes in along-shore wind stress have been shown to correlate with interannual variability in cross-shelf sea surface slope and presumably (via geostrophy) the along-shelf transport [Andres et al., 2013; Li et al., 2014] . Here we simply note that about one-third of the variance in T s 0 is explained by composite coastal sea level anomalies from 2 years earlier.
We also note that 2 year lags in the northwest Atlantic shelf system are conspicuous: similar lags have been reported between climate indices and various indices on the shelf [Hare and Kane, 2012 and references therein] . Furthermore, Hare and Kane [2012] report a changing link with the North Atlantic Oscillation (NAO), a climate index related to long-term atmospheric variability representing the sea level pressure difference between the Azores and Greenland [Hurrell, 1995] ). Two year lagged correlations of NAO are statistically significant over some periods but not over others with (1) local shelf environmental variables (e.g., temperature) and (2) with biological variables related to zooplankton. The Oleander XBT data reported here also suggest a changing relationship between NAO and the shelf system in the northwestern North Atlantic. Over the full 1977-2013 period, T s and winter NAO index are not significantly correlated (with both records linearly detrended); but over the most recent 20 years , the correlation between NAO and T s is positive and significant at the 95% confidence level (correlation coefficient, r 5 0.43, with both records detrended). Calculated from the shelf warming rate and equation (1) Investigations into the relationships between the Oleander XBT sections and other shelf indices and into the shelf's regional responses to basin-wide climate variability (as represented by the NAO index) are ongoing.
Conclusions
The CMV Oleander XBT data set spans almost 4 decades and provides an invaluable resource for identifying interannual to decadal variability on the MAB shelf. Since the spatial and temporal scales of the Oleander XBT data set resolve some of the critical shelf processes (such as the generation and erosion of the cold pool), one can use the data set not only to identify change, but also to explore the mechanisms causing the change. The fidelity of the seasonal and monthly climatologies generated from the Oleander monthly mean temperature sections to previous climatologies demonstrates the utility of this data set as a means to monitor and predict change.
With the Oleander data, the recent accelerated temperature trend found in the Gulf of Maine [Mills et al. 2013] has now been also identified in the MAB not only as a surface feature, but as a full-water column signal. The February  31  31  26  24  24  March  42  42  33  30  30  April  39  39  28  26  26  May  53  53  35  35  35  June  44  44  34  33  33  July  48  48  33  32  32  August  42  42  32  29  29  September  39  39  30  30  30  October  48  48  32  30  30  November  45  45  32  30  30  December  43  43  34  33 The Oleander data set highlights the importance of processes occurring along the shelfbreak both in controlling the shelf's long-term (37 years) temperature trends and the interannual temperature variability. In contrast, the recent acceleration in the temperature trends seems to be related to the Slope Sea and shelf/open-ocean interactions. Finally, the striking 2 year lagged correlations between annually averaged coastal sea level anomaly and T s 0 suggest that tide gauge measurements from the MAB, Gulf of Maine, and Scotian Shelf present a potentially useful (and readily accessible) predictor for interannual variations in the temperature conditions on the shelves.
Variability on the shelves between Cape Hatteras and Nova Scotia has important societal impacts. Strong interannual variability in sea levels complicates the identification of accelerated trends in the northwestern North Atlantic and uncertainty in predictions of future change can lead to contentious management decisions [Phillips, 2012] . Furthermore, commercially important fish species may be sensitive to changes in shelf temperature and circulation [Nye et al., 2009] . Hence, shelf temperature anomalies have the potential to negatively impact local fish populations and the related economies. As we are becoming increasingly dependent on the predictions from models to make policy decisions, continued in situ ocean observations serve as a critical tool, both as a means to validate the models and to explore the dynamical underpinnings of observed variability.
Appendix A
The summary statistics for various phases of the Oleander XBT data processing (described in section 3.1) are shown in Table 3 . ''Preliminary data'' refer to the data downloaded directly from the website. ''First quality control'' refers to the data after removing 2008 oddities and measurements over 3 standard deviations from the mean temperature in each 5 m vertical bin. ''Initial software'' is after running the Linder software with a minimum threshold of 50 measurements in a given month to generate the monthly average (below this threshold, the monthly climatological value is used, see also Figure 13 ). The last two columns in Table 3 refer to the data which have been hand corrected from the initial software run to eliminate months without enough spatial resolution in the onshore bins and in the offshore bins. Real months Figure 13 . The number of monthly averaged temperature cross sections in each year that are generated from that year's Oleander XBT data. The remaining months' sections in a given year are replaced (due to insufficient XBT data coverage in a given month) with the monthly climatology calculated from the balance of the 37 year XBT record. 
